Background {#Sec1}
==========

Oriental persimmon (*Diospyros kaki* Thunb. 2n = 6× = 90) is distributed in the mountainous areas adjacent to the three provinces, Hubei, Henan and Anhui, of central China \[[@CR1]\]. According to the criteria established for persimmon cultivars, persimmon can be categorized into two major groups, pollination-constant nonastringent (PCNA) type consisting of two subcategories, Chinese PCNA (CPCNA) and Japanese PCNA (J-PCNA), non-PCNA type consisting of three subcategories, pollination-constant astringent (PCA), pollination-variant nonastringent (PVNA), and pollination-variant astringent (PVA) \[[@CR2]\]. The CPCNA-type fruits are able to lose astringency naturally at ripening stage, thus justifying their significant value as commercial use. Non-astringency is a discrete trait for the CPCNA fruits, but is a quantitative trait for non-PCNA fruits. The genetic trait of CPCNA has been shown to be controlled by a single locus (*CHINESE PCNA*, denoted as *CPCNA*), which is dominant against JPCNA \[[@CR3],[@CR4]\], implying that one half of the F~1~ offspring derived from crosses between CPCNA and JPCNA will generate PCNA-type fruits \[[@CR3],[@CR5]\]. Therefore, persimmon CPCNA cultivars hold great potential for breeding new cultivars of PCNA type. However, limited information is available on the molecular mechanism underlying fruit (de)astringency of CPCNA persimmon. Therefore, elucidation of the molecular mechanisms underlying natural loss of fruit astringency in CPCNA persimmon is of paramount significance for persimmon genetic improvement.

Astringency of persimmon fruits is ascribed to the accumulation of tannins (proanthocyanidins, PAs), which are biosynthesized via three main pathways through shikimate, flavonoid and PA \[[@CR6]\]. A majority of genes in these pathways have been isolated, including *PAL*, *CHS*, *CHI*, *F3H*, *F3′5′H*, *DFR*, *ANS*, *LAR*, and *ANR*. Expression patterns of these genes were analyzed in fruits of CPCNA and JPCN persimmon, which showed that transcript levels of most genes were lower in JPCNA than in CPCNA from middle to late developmental stages \[[@CR7]\]. In addition, *DkPDC* and *DkADH* were suggested to be associated with natural astringency loss of CPCNA persimmon \[[@CR8]\]. Meanwhile, great progresses have also been achieved regarding elucidation of transcriptional regulation in recent years. For example, a basic helix-loop-helix (bHLH) transcription factor (TF), DkMYC1, was isolated from 'Luotian-tianshi', a famous CPCNA, which is proposed to control PA biosynthesis by regulating expression of *DkLAR* and *DkANR* through binding to relevant *cis*-elements on the gene promoters \[[@CR9]\]. In another work, genome-wide transcriptome analysis of CPCNA identified a number of TFs associated with PA biosynthesis, including 12 MYBs, three bHLHs and two WD40s \[[@CR10]\]. The PA monomers are transported to vacuoles through TT12 and TT19, and then polymerized into polymeric PAs catalyzed by LAC \[[@CR11],[@CR12]\]. However, it is worth mentioning that despite above-mentioned work on elucidation of proanthocyanidin biosynthesis, the underlying molecular mechanisms of natural astringency loss remain largely elusive, and further in-depth analyses are required to dissect the mechanisms.

Apart from transcriptional regulation, post-transcriptional regulation by microRNAs (miRNAs) is also crucial for a number of physiological processes. The miRNAs are a class of endogenous non-coding small RNAs of 20--24 nucleotides (nt). The biogenesis of miRNA has been well documented. First, long single-stranded primary miRNAs (pri-miRNAs) are generated from the intragenic regions of nuclear-encoded *MIR* genes by RNA polymerase II \[[@CR13]-[@CR15]\]. Then, the pri-miRNAs are transcribed in nucleus to generate 100--200 nt precursor miRNAs (pre-miRNAs) with stem-loop structures (hairpins) catalyzed by Dicer-like I enzyme (DCL1), yielding a duplex intermediate (miRNA/miRNA\*) \[[@CR16]-[@CR18]\]. After addition of a 5′ 7-methylguanosine cap by HuaEnhancer1 (HEN1) \[[@CR19]\], the RNA duplexes are translocated into cytoplasm by HASTY, a plant protein orthologous to exportin-5 \[[@CR20]\]. Finally, the mature miRNA strand is integrated with RNA-induced silencing complex (RISC), whereas the miRNA^\*^ strand is usually degraded \[[@CR21]\]. The RISC is then incorporated with AGRONAUTE proteins (AGO) and functions to regulate target gene expression through cleaving the target mRNA, leading to repression of mRNA translation \[[@CR22]\]. In plants, most miRNAs can perfectly complement with their mRNA targets, while the single recognition site is predominantly present in the mRNA coding region rather than in the 3-untranslated region (UTR) \[[@CR13]\]. Plant miRNAs have been predicted or validated to regulate genes encoding various types of proteins that play pivotal roles in many biological processes \[[@CR23]\].

Currently, two main approaches are usually applied to study miRNAs, computational prediction using ESTs or genomic sequences and next generation sequencing-based techniques \[[@CR20],[@CR24]-[@CR26]\]. Given that the computation-based approach is restricted to discovering conserved miRNAs and that genomic information of persimmon is scarce thus far, the second approach may be more suitable for deciphering miRNAs in persimmon. In this study, deep sequencing using Illumina GA~II~ was applied to identify both conserved and novel miRNAs that are possibly implicated in fruit (de)astringency of 'Eshi No. 1' persimmon (*Diospyros kaki* Thunb.). Stem-loop quantitative real-time RT-PCR (qRT-PCR) \[[@CR27]\] was employed to validate the expression level of a set of miRNAs. In addition, identification and characterization of miRNAs and their target genes were established using bioinformatics prediction in combination with 5′-RACE.

Results {#Sec2}
=======

Determination of PA contents in persimmon fruits {#Sec3}
------------------------------------------------

Imprinting method was used to determine soluble tannin levels in 'Eshi No. 1' fruits. The sections were deeply stained at the beginning of fruit development (5 WAF), when the fruits were small in size. With the progression of development, the fruits grew quickly and became increasingly big until reaching the largest size at 25 WAF (Figure [1](#Fig1){ref-type="fig"}A,C). The fruits were still darkly stained until 15 WAF, but the staining began to turn lighter at 20 WAF. At the last experimental stage, 25 WAF, the fruits were only slightly stained (Figure [1](#Fig1){ref-type="fig"}B).Figure 1**Measurement of tannin content in 'Eshi No. 1' (CPCNA) fruits at different development stages. A**. Representative photos showing the fruits sampled at five stages, 5, 10, 15, 20 and 25 weeks after flowering (WAF) of 'Eshi No. 1'. **B**. Analysis of soluble tannin content in the persimmon fruits based on an imprinting method. The red arrows show that the staining became weaker from 15 to 20 WAF. **C**. Change in the fruit weight at the five sampling stages. **D-E**. Quantitative measurement of soluble **(D)** and insoluble **(E)** tannin in the fruits by folin-ciocalteu method. **F**. Total tannin content in the fruits.

To confirm the imprinting results, quantitative measurement of soluble and insoluble tannin contents in the fruits was carried out using the Folin-Ciocalteu method. The soluble tannin in the fruits was 2.19 mg/g FW at 5 WAF, but quickly decreased at 10 WAF (1.61 mg/g FW), followed by a slight change at 15 WAF. However, a sharp decrease of soluble tannin in the fruits was observed between 15 and 20 WAF, changing from 1.37 to 0.39 mg/g FW. The tannin level in the fruits at 25 WAF (0.17 mg/g FW) was only slighted decreased compared with that of 20 WAF (Figure [1](#Fig1){ref-type="fig"}D). At the last stage, soluble tannin accounts for less than 0.2% of the fruit weight, implying that the fruits at this point have already lost their astringency \[[@CR28]\]. The insoluble tannin, remarkably less than the soluble tannin, was decreased to the lowest level (0.08 mg/g FW) from 5 to 10 WAF, but progressively increased thereafter, reaching the peak value (0.22 mg/g FW) at 20 WAF, followed by a minor decrease at 25 WAF (Figure [1](#Fig1){ref-type="fig"}E). Total tannin contents in the fruits followed the trend of soluble type during the whole developmental stage (Figure [1](#Fig1){ref-type="fig"}F).

As the soluble tannin underwent the greatest change between 15 and 20 WAF, and the insoluble tannin increased to the largest amount during this stage, the fruits at these two stages were selected for miRNA sequencing in the subsequent work.

Sequencing of small RNA libraries using Illumina platform {#Sec4}
---------------------------------------------------------

To identify persimmon miRNAs, two small RNA (sRNA) libraries were constructed using fruits collected at 15 and 20 WAF, and subjected to deep sequencing. A total of 6,258,487 and 7,634,169 raw reads were obtained at 15 and 20 WAF, respectively. After removing low quality sequences, adapters, poly-A sequences and small sequences shorter than 12 nt, 6,091,310 (15 WAF) and 7,442,012 (20 WAF) clean reads and 2,348,888 (15 WAF) and 1,970,898 (20 WAF) unique sequences were finally generated (Table [1](#Tab1){ref-type="table"}). The sRNA data have been deposited in NCBI (National Center for Biotechnology Information), under the accession number of SRP050516.Table 1**Summary of small RNA sequencing in** ***Diospyros kaki*** **Thunb. small RNA libraries constructed using fruits collected at 15 and 20 weeks after flowering (WAF)LibrariesRaw readsClean readsUnique readsRedundant reads**15 WAF6,258,4876,091,310 (97.33%)2,348,888 (38.48%)3,747,422 (61.52%)20 WAF7,634,1697,442,012 (97.48%)1,970,898 (26.48%)5,471,114 (73.52%)

As composition of small RNAs reflects their different roles in specific functions \[[@CR29]\], we investigated length distribution of the small RNAs in the two libraries. The results demonstrated that the majority of miRNAs ranged from 20 to 25 nt in length, in which small RNAs of 24 nt were most abundant in the two libraries, accounting for 37.1% and 23.2%, respectively (Figure [2](#Fig2){ref-type="fig"}). In order to get a clear view of sequence annotation, the small RNA reads were searched against Rfam 11.0 (<http://rfam.sanger.ac.uk/>) database, which revealed that 39.4% and 18.3% of the sequences at 15 WAF and 20 WAF, respectively, can be annotated to non-coding small RNAs (rRNAs, tRNAs, siRNAs, snRNAs, snoRNAs, miRNAs, unknown sRNAs). However, only 1.8% and 1.5% of the miRNAs accounting for the total sRNAs were identified in the two libraries (Table [2](#Tab2){ref-type="table"}).Figure 2**Length distribution of small RNAs in the two libraries constructed using fruits sampled at 15 and 20 weeks after flowering (WAF) of 'Eshi No. 1'.**Table 2**The annotation of number and percentage (in parenthesis) of various components (rRNA, snRNA, snoRNA, tRNA, miRNA, and others) in** ***Diospyros kaki*** **Thunb. small RNA libraries constructed using fruits collected at 15 and 20 weeks after flowering (WAF)CategoryLibraries15 WAF20 WAF**rRNAs1,648,954 (27.07%)1,067,675 (14.35%)snRNAs17,709 (0.29%)16,534 (0.22%)snoRNAs35,937 (0.59%)31,779 (0.43%)tRNAs583,076 (9.57%)132,709 (1.78%)miRNA111,535 (1.83%)109,566 (1.47%)Others3,692,129 (60.61%)6,082,268 (81.73%)Total6,091,310 (100%)7,442,012 (100%)

Identification of known and novel miRNAs {#Sec5}
----------------------------------------

The sequences were searched against miRBase v21.0, in which miRNAs from 73 plant species have been deposited \[[@CR30]\]. After alignment, a total of 1,141 miRNAs were obtained, in which 355 and 343 miRNAs were unique to the 15 WAF and 20 WAF libraries, respectively, while 443 miRNAs were present in both libraries (Figure [3](#Fig3){ref-type="fig"}A, Additional file [1](#MOESM1){ref-type="media"}: Table S1). Length distribution analysis showed that most of the known miRNAs were clustered in the 21-nt type (Figure [3](#Fig3){ref-type="fig"}B). We then analyzed nucleotide bias at each position so as to understand whether the cleavage sites of miRNAs had specific features for miRNA \[[@CR31]\]. About 51.4% of the miRNAs had uridine (U) at their first nucleotide position, but resistance to guanine (G) was observed at the first position. By contrast, positions between 2 and 4 were resistant to U. We also found that the tenth nucleotide, a position determining the cleavage site, had a strong preference for adenosine (A) (Figure [3](#Fig3){ref-type="fig"}C). Due to different cleavage sites of DCL enzymes and some other factors, additional or missing nucleotides may exist at the end of mature miRNAs, especially at the 5′ end \[[@CR32]\]. We also noticed that different from 21-nt miRNAs, the first position of 24-nt miRNAs showed a strong preference for A (Figure [3](#Fig3){ref-type="fig"}D).Figure 3**Identification of known miRNAs in the two small RNA libraries of 'Eshi No. 1'. A**. The number of known miRNAs in the two libraries constructed using fruits collected at 15 and 20 weeks after flowering (WAF). **B**. Proportion of known miRNAs with different length in the two libraries. **C**. Nucleotide preference at each position of the known miRNAs. **D**. Analysis of first nucleotide bias in the miRNAs of different length. **E**. The number of miRNA members in the 26 families with more than one member.

The small RNAs with at least seven reads in one of the two libraries were used to search the database, which gave rise to 236 known miRNAs in the two libraries. After family analysis, these known miRNAs were found to belong to 65 miRNA families, in which 39 families have one member. The largest miRNA family is miR396 composed of 28 members, followed by miR159 with 19 members (Figure [3](#Fig3){ref-type="fig"}E, Additional file [1](#MOESM1){ref-type="media"}: Table S1).

Expression analysis was performed based on normalized read counts for each miRNA family. It showed that miRNA abundance was different among the 65 known families. The highly conserved miRNAs, such as miR156/miR157, miR159, miR160, miR166 and miR319, were expressed abundantly. The most abundant miRNAs were miR396 and miR162, with 80,686 and 52,111 TPM (transcripts per million) in the two libraries, respectively. However, non-conserved miRNAs, such as miR535, miR167, miR2275, miR530 and miR418, were expressed at relatively lower levels (Additional file [1](#MOESM1){ref-type="media"}: Table S1).

Based on the criteria for selecting differentially expressed miRNAs, including \|fold change\| \> 1 and *P*-value \< 0.05, 61 out of the 236 known miRNAs were identified to exhibit different expression levels between 15 and 20 WAF. Among the 61 differentially expressed miRNAs, 17 were up-regulated, whereas 44 were down-regulated, in the fruits at 20 WAF in comparison with those at 15 WAF (Table [3](#Tab3){ref-type="table"}), in which 33 showed a two-fold or greater (ratio \> 2 and *P*-value \< 0.05) change. Of note, the members in families of dka-miR160, dka-miR398, dka-miR535, and dka-miR827 were only up-regulated, whereas those of dka-miR159, dka-miR164, dka-miR2111, dka-miR395, dka-miR396, dka-miR399, dka-miR530, and dka-miR858 were all down-regulated.Table 3**Differentially expressed miRNAs in the two small RNA libraries constructed using fruits collected at 15 and 20 weeks after flowering (WAF), based on transcripts per million (TPM) and fold change (FC) at** ***P*** **-value \< 0.05NamesSequencesTPM*P*** **-valueFC15 WAF20 WAF**dka-miR156aCGACAGAAGAGAGTGAGCAC0.0101.0750.0086.748dka-miR156dTGACAGAAGAGAGTGAGCACA34.475322.3590.0003.225dka-miR156jGTTGACAGAAGAGAGTGAGCAC0.65711.5560.0084.137dka-miR156j-5pTGACAGAAGAGAGTGAGCAC65.0111384.5720.0004.413dka-miR156sTGACAGAAGAGAGTGAGCACT0.6579.1370.0063.799dka-miR160aTGCCTGGCTCCCTGAATGCCA0.0101.3440.0007.070dka-miR167cTGAAGCTGCCAGCATGATCTGG0.6571.6120.0001.296dka-miR167gTGAAGCTGCCAGCATGATCTGA0.0101.3440.0007.070dka-miR171n-3pTGATTGAGCCGCGCCAATATC0.0101.3440.0017.070dka-miR2275cAGAATTGGAGGAAAACAAACTGA0.0101.3440.0017.070dka-miR2911aGGCCGGGGGACGGACTGGGA158.587890.8880.0012.490dka-miR398aTGTGTTCTCAGGTCACCCCTT10.5071868.5810.0007.474dka-miR398bTGTGTTCTCAGGTCACCCCT0.0101.2090.0006.918dka-miR398cTGTGTTCTCAGGTCACCCCTG0.0101.4780.0007.208dka-miR398dTGTGTTCTCAGGTCACCCCTC0.0101.2090.0006.918dka-miR535cTGACAAGGAGAGAGAGCACGC0.0103.4940.0008.449dka-miR827-3pTTAGATGACCATCAGCAAACA0.0103.2250.0008.333dka-miR159a-5pGAGCTCCTTGAAGTCCAATTG6.2382.1500.000−1.537dka-miR159e-5pGAGCTCCTTGAAGTCCAATT5.4181.6120.000−1.748dka-miR164dTGGAGAAGCAGGGCACGTGC9.3584.0310.003−1.215dka-miR164eTGGAGAAGCAGGGCACGTGCG51.05621.2310.001−1.266dka-miR164f-5pTGGAGAAGCAGGGCACGTGCT46.62418.5430.000−1.330dka-miR164h-3pCATGTGCCCTTCTTCTCCATC3.9401.3440.000−1.552dka-miR167aTGAAGCTGCCAGCATGATCTC1.6420.0100.008−7.359dka-miR171iCGAGCCGAATCAATATCACTC49.25018.9460.000−1.378dka-miR172g-5pGGAGCATCATCAAGATTCACA3.2830.5370.004−2.611dka-miR2111aTAATCTGCATCCTGAGGTTTA30.2077.5250.004−2.005dka-miR2111dGTCCTTAGGATGCAGATTACC185.34632.9210.000−2.493dka-miR2916TGGGGACTCGAAGACGATCATAT7.8802.5530.000−1.626dka-miR319iTTGGACTGAAGGGTGCTCCCT11.8204.8370.000−1.289dka-miR390b-3pCGCTATCTATCCTGAGCTCCA1.3130.5370.001−1.289dka-miR395fATGAAGTGTTTGGGGGAACTC16.7456.8530.001−1.289dka-miR395p-3pGTGAAGTGTTTGGGGGAACTC37.26616.1250.000−1.209dka-miR396a-3pGTTCAAGAAAGCTGTGGGAAA168.60149.8520.003−1.758dka-miR396aCACAGCTTTCTTGAACTTTCT7.2231.7470.000−2.048dka-miR396bTTCCACAGCTTTCTTGAACT43.01217.3340.000−1.311dka-miR396dCTCCACAGGCTTTCTTGAACTG43.01218.1400.002−1.246dka-miR156l-5pTGACAGAAGAGAGAGAGCACA1.4800.0100.000−7.210dka-miR396fTTCCACGGCTTTCTTGAACTG5.4180.0100.000−9.081dka-miR396f-3pGGTCAAGAAAGCTGTGGGAAG365.767125.7720.000−1.540dka-miR396f-5pTCTCCACAGGCTTTCTTGAACT6.5672.5530.000−1.363dka-miR396gTTCCACAGCTTTCTTGAACTT62326.65926262.5210.000−1.247dka-miR396i-3pGTTCAATAAAGCTGTGGGAAG507.937213.3830.000−1.251dka-miR396kTTCCACGGCTTTCTTGAACC7.3882.9560.002−1.321dka-miR396mTTCCACAGCTTTCTTGAACTA217.85187.8790.000−1.310dka-miR396rTTCCACGGCTTTCTTGAACTT16.2535.5090.000−1.561dka-miR396sTCCCACAGCTTTATTGAACTG5.9101.7470.000−1.758dka-miR399aTGCCAAAGGAGAATTGCCC2.6270.0100.000−8.037dka-miR399bTGCCAAAGGAGAATTGCCCGG2.6270.0100.002−8.037dka-miR399cTGCCAAAGGAGAGTTGCCCTA6.2382.4190.008−1.367dka-miR399fTGCCAAAGGAGAATTGCAC2.4630.0100.000−7.944dka-miR399hTGCCAAAGGAGATTTGCCCCG4.9251.0750.000−2.196dka-miR399h-3pTGCCAAAGGAGAATTGCCCTG135.27535.4740.000−1.931dka-miR479CGTGATATTGGTTCGGCTCATC31.19210.4810.000−1.573dka-miR530aTGCATTTGCACCTGCACCTC1.1490.0100.000−6.844dka-miR530bTGCATTTGCACCTGCACCTT7.0590.0100.000−9.463dka-miR530cTGCATTTGCACCTGCACCTTG1.3130.0100.000−7.037dka-miR530dTGCATTTGCACCTGCACTTTC1.9700.0100.000−7.622dka-miR530eTGCATTTGCACCTGCACTTTA1.3130.0100.002−7.037dka-miR530fTGCATTTGCACCTGCATCTC1.9700.0100.002−7.622dka-miR858bTTCGTTGTCTGTTCGACCTTG36.93811.6900.004−1.660

After excluding known miRNAs and Rfam annotation, the remaining sequences were used to discover novel and potential persimmon-specific miRNAs, which revealed that a total of 33 miRNAs were predicted to be potentially novel. Secondary fold structures of precursors for the 33 novel miRNAs were analyzed (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Seven out of the 33 miRNAs were shown to have complementary miRNA\* sequences (Table [4](#Tab4){ref-type="table"}). In order to test the reliability of novel miRNA prediction, five novel miRNAs (miRN12, miRN15, miRN16, miRN25, and miRN31) were amplified and sequenced, in which four were completely consistent with those of deep sequencing, while only miRN15 was slightly different due to insertion of one nucleotide (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). Most of the novel miRNAs were found to exist at low copies, with the exception of dka-miRN14, dka-miRN07, dka-miRN19, dka-miRN27, dka-miRN28, which possessed more than 1,000 reads (Table [4](#Tab4){ref-type="table"}). Furthermore, 27 novel miRNAs were shown to be differentially expressed during fruit development, in which 10 were up-regulated, but 17 were down-regulated, at 20 WAF (Table [4](#Tab4){ref-type="table"}).Table 4**Novel miRNA in the** ***Diospyros kaki*** **small RNA libraries constructed using fruits collected at 15 and 20 weeks after flowering (WAF)NamesSequencesTranscriptome IDScore of minimal free energy (MFE)15 WAF20 WAFmiRNA\*Star sequencesFold change**dka-miRN01aacccgaaauucgagaaagacMGB_c3657_61851.2200Noucguucgauuucgggucuggc−8.36dka-miRN02aagaccugagaaugcaggaaagcuuMGB_lrc11318_151171.8100Nogcugcugcacuuaaggucggaa−7.36dka-miRN03aagucuaugauaagauggcugaguMGB_c832_19610.2196135Nogcaucuaguuauuguacaacuugc−0.83dka-miRN04aaguggugcuuggaggaacucMGB_s80448_440801.7015Nogauucucgagugccagaagg7.66dka-miRN05acggaguagaagccggccgagaauMGB_s66037_351571.7100Nocaucguccggcuucuccaccgaga−7.36dka-miRN06acuuuacaaauaaagcccgaggauMGB_lrc56264_280520.1010Nocuuugggcuuugauuaccaaggaa7.07dka-miRN07agggugcggguuugggacagccMGB_lrc64120_34018222201935Noguguuugauccgcacccuuu−0.49dka-miRN08aguacuugaggagaaggaacaMGB_c17696_191880.8140Noauugauuucuggaaguaguag−7.84dka-miRN09caauaaauucuagaauuuuggaguMGB_c35059_232844.9324175Yesccaagauuuagagacuuuaaagau−1.18dka-miRN10cagaguacuacacuagcaacgcauaMGB_c5218_83072100Nouguguguuuguguugggcuuuggg−7.36dka-miRN11ccuaaauuagugauggcuuagggcMGB_c45699_257961.34030Noccuugagccgcuccugnunungagg−0.70dka-miRN12auguaacagucacaugguaguMGB_c66734_318981.8020Nouaccaugugauugucacauga8.07dka-miRN13cggccgaaucguuggaugcgccMGB_c71082_392301.32510Yesucuacauuauucggcuauagu−1.61dka-miRN14cuacaugaauucuagacuucuaugMGB_c80774_443131.2127800Yesuuugucuagaauucauauuuggau−17.67dka-miRN15caugucaacuaaguuauggaacaMGB_lrc74843_393358.53500Yesuuuccauauuguacuuguugg−12.49dka-miRN16cccguagguuauaggguuggcaacMGB_c1713_31782.20142Nocuuuaaccugaacuuaccuuggcc10.90dka-miRN17cuccuaacucuugcccauuuauMGB_lrc49089_298893.1100Noaaaugggcaagaguuaggagag−7.36dka-miRN18gagauaccagggaguagcagcMGB_c8777_125562.7100Noaaguagauccaucggauu−7.36dka-miRN19gauucaagaaagcuguggaauMGB_lrc36442_258472.21152988Yesuccacaggcuuucuugaacugc−0.51dka-miRN20gggaauguacggaucuguaaguaMGB_c69353_377881.9400Nocuugcgauuugugcuucguuu−9.36dka-miRN21ggucaauggucagugacuaggaguMGB_c36458_258611.6950Noucuaacgucaccaaacaguugaccc−10.61dka-miRN22gugaauauugcagaccagcggMGB_lrc29703_219942.4010Noucuggucugcaauauucaccc7.07dka-miRN23ggagaugccagggagcagcgcMGB_c6581_101732.70211Nogaugcucccucguaucuccau11.46dka-miRN24guuggggauccauucgacugggguMGB_c8988_134311.7010Nouucaguugggguuuuucgauug7.07dka-miRN25gguaugcauuccgcuguaggaccMGB_c59771_288022.5025Noucuuacagcagaaugcauacugc8.39dka-miRN26guuugugaccaggggauucccMGB_c68424_335831.4015Nouuaucacuacugggcccauaagucu7.66dka-miRN27uaaauccgagggaucuacuuuMGB_c74194_416832.364045852Yesaaguagauccaucggauu−0.42dka-miRN28ucuacuuuauagaacaccggcMGB_c43859_282781.613490Nouguuuucuauaaaguaaauc14.43dka-miRN29auagcgguccuacagcgguaugcaMGB_c17398_188162.208Noauuccgcuguagacccgugagcuc7.17dka-miRN30ugagaaccaugugaaucacuMGB_lrc38668_266381.4200Nougauucacaugguucucgcc−8.36dka-miRN31uaugcauaccgcuguaggaccMGB_c17398_188042.2980Nesgucuacagcggaauguauacc−10.65dka-miRN32ugggaaagcuggcuuucgaggMGB_s83401_487521.7100Nogagguggccaggauuuugca−7.36dka-miRN33uuuauaaaguagaucucucggMGB_c33911_251551.71480Noaagggaucuacuuuacugaac−11.25

Validation of the miRNA expression by stem-loop qRT-PCR {#Sec6}
-------------------------------------------------------

Stem-loop qRT-PCR, which is a reliable method for assessing miRNA expression levels, has been applied for experimental verification of the miRNAs \[[@CR27],[@CR33]\]. For this purpose, we analyzed expression of 22 miRNAs, including 12 randomly selected known miRNAs (dka-miR159e-5p, dka-miR396g, dka-miR2111d, dka-miR530b, dka-miR858b, dka-miR164d, dka-miR156a, dka-miR156j, dka-miR160a, dka-miR398a, dka-miR535c, and dka-miR827-3p) and 10 novel miRNAs with relatively high expression levels (miRN03, miRN07, miRN12, miRN15, miRN16, miRN23, miRN25, miRN28, miRN31, and miRN33. The qRT-PCR analysis showed that expression patterns of the examined miRNAs (Figure [4](#Fig4){ref-type="fig"}A, B) were largely consistent with the results of deep sequencing except dka-miR156a, dka-miRN16, and dka-miRN28, which displayed opposite profiles between the two methods.Figure 4**Validation of the differentially expressed miRNAs identified by deep sequencing.** Expression analysis of known **(A)** and novel **(B)** miRNAs by stem loop qRT-PCR.

Prediction of putative target genes for the known and novel miRNAs {#Sec7}
------------------------------------------------------------------

Putative target genes for all of the known miRNAs were searched using psRNATarget. A total of 198 potential miRNA-target pairs were identified (Additional file [3](#MOESM3){ref-type="media"}: Table S2) from a transcriptome of 'Eshi No. 1' composed of 83,898 persimmon unigenes \[[@CR10]\]. A number of the miRNAs have multiple targets, indicating the diversity of these miRNAs. The potential targets of known miRNAs were either conserved or non-conserved among different plants (Additional file [3](#MOESM3){ref-type="media"}: Table S2). Most of the predicted targets in this study were found to encode transcription factors (TFs). For example, miR156 was revealed to target squamosa promoter-binding protein-like (SPL) 9 and 5 of SPL family. Auxin response factor (ARF) 10 and 6 were found to serve as the targets of miR160. MiR319 was shown to target cycloidea and PCF transcription factor 3. In additions, several TFs in the families of basic helix-loop-helix (bHLH), growth-regulating factors (GRF), and MYB were predicted to act as targets of miR395p-3p, miR396d and miR858b, respectively. Interestingly, dka-miR396g targeted a gene encoding flavonoid 3-*O*-glucosyltransferase. In addition, some miRNAs targeted genes involve in disease resistance and stress response. For example, miR164 was found to target TIR class protein, while zinc finger (CCCH-type) family protein and copper/zinc superoxide dismutase were predicted targets of miR171 and miR398, respectively.

In addition, targets of the novel miRNAs were also predicted using the same strategy as that for the known miRNAs. 27 out of the 33 novel miRNAs can be successfully predicted to have their targets, which encode either transcription factors or functional genes that are involved in an array of processes, such as flower development, metabolism, and stress response (Additional file [3](#MOESM3){ref-type="media"}: Table S2). For example, miRN21 and miRN08 were predicted to target GRAS and AP2/B3-like TFs, respectively. Some target genes were shared by different novel miRNAs; for instance, NADH dehydrogenase was the target of miRN17 and miRN06. By contrast, a few novel miRNAs can target different genes; miRN32 was predicted to regulate plant invertase and pectin methylesterase inhibitor superfamily gene.

To better understand regulatory roles of the identified miRNAs, we performed GO analyses on target genes of the differentially expressed known miRNAs (Additional file [4](#MOESM4){ref-type="media"}: Table S3). Among the 428 target genes, 246 were categorized into biological processes, 166 into cellular components and 16 into molecular functions (Figure [5](#Fig5){ref-type="fig"}). The major biological processes were 'cellular process' and 'metabolic process', such as GO:0016053 and GO:0009064. The main cellular components were 'cell' and 'cell junction', such as GO:0043232 and GO:0070013. As for molecular functions, the majority of genes were clustered into 'binding proteins' and 'catalytic', such as GO:0005524 and GO:0016407. The target genes regulated by the up-regulated miRNAs encode transcription factors (GO:0003700), whereas most of the targets regulated by the down-regulated miRNA were shown to take part in leaf development (GO:0048366), shoot system development (GO:0022621, GO:0048367), response to hormone stimulus (GO:0009725, GO:0032870), and hormone-mediated signaling (GO:0009755).Figure 5**Gene Ontology classifications of the target genes based on cellular component, molecular function, and biological process.**

Time-course expression dynamics of miRNAs and target genes {#Sec8}
----------------------------------------------------------

In order to gain insight into the potential involvement of the miRNAs in (de)astringency, time-course expression profiles of four known miRNAs (dka-miR156j-5p, dka-miR858b, dka-miR395p-3p and dka-miR2911a) during fruit development were investigated using stem loop qRT-PCR. Transcript level of dka-miR156j-5p was very low at 5 WAF, sharply increased to the maximum value at 10 WAF, followed by a prominent decrease at 15 WAF. Then, the expression level was maintained constant at 20 WAF and decreased to undetectable level at the last time point (Figure [6](#Fig6){ref-type="fig"}A). As for dka-miR858b, the highest transcript level was detected at 5 WAF, which decreased continuously thereafter and reached the lowest level at 20 WAF, followed by a slight elevation at 25 WAF (Figure [6](#Fig6){ref-type="fig"}B). The mRNA abundance of dka-miR395p-3p began to accumulate at 10 WAF, and sharply increased by nearly 30 folds at 15 WAF, then progressively increased to the highest level at 20 WAF. At 25 WAF, the transcript level was reduced to the level of 15 WAF (Figure [6](#Fig6){ref-type="fig"}C). The mRNA abundance of dka-miR2911a was decreased to the minimum at 10 WAF, then slightly increased at 10 WAF, but remarkably increased to the highest expression level at 20 WAF, followed by a minor reduction at the last stage (Figure [6](#Fig6){ref-type="fig"}D).Figure 6**Time-course expression analysis of four miRNAs and two target genes during fruit development of 'Eshi No. 1'.** Expression patterns of miRNAs, including dka-miR156j-5p **(A)**, dka-miR858b **(B)**, dka-miR395p-3p **(C)**, and dka-miR2911a **(D)**, and target genes, including MGB_c41307 **(E)** and MGB_c15097 **(F)**, at the five stages, 5, 10, 15, 20 and 25 weeks after flowering (WAF).

In addition, expression profiles of MGB_c41307 (bHLH) and MGB_c15097 (alcohol dehydrogenase, ADH), two target genes regulated by dka-miR395p-3p and dka-miR2911a, respectively, were also analyzed using the same set of materials as mentioned above. Transcript level of MGB_c41307 was shown to be extremely high at the first stage of fruit development, but underwent a marked and steady decrease at 10 and 15 WAF, when the expression level was barely detected. MGB_c41307 was then up-regulated at 20 WAF, followed by a noticeable reduction at the last stage (Figure [6](#Fig6){ref-type="fig"}E). MGB_c15097 was induced from 5 to 10 WAF, but decreased steadily between 15 and 20 WAF, when the lowest expression level was observed. At the last time point, transcript level of MGB_c15097 was again elevated (Figure [6](#Fig6){ref-type="fig"}F).

Verification of miRNA-guided cleavage of target genes by 5′-RACE {#Sec9}
----------------------------------------------------------------

Two target genes, MGB_c24138 (a GRF TF, target of mi396d) and MGB_c41307 (a bHLH TF, target of dka-miR395p-3p), were examined using 5′-RNA ligase-mediated RACE (5′-RLM-RACE) in order to confirm whether the target prediction was accurate. Two mismatches were observed between the amplified product of MGB_c24138 and mi396d. In addition, cleavage of MGB_c24138 primarily occurred at the tenth position of the miRNA sequence (Figure [7](#Fig7){ref-type="fig"}A). MGB_c41307 displayed three mismatches compared with the sequence of dka-miR395p-3p. Meanwhile, the cleavage was found to occur predominantly at the ninth position of the miRNA sequence (Figure [7](#Fig7){ref-type="fig"}B).Figure 7**Confirmation of two target genes by 5′-RLM-RACE.** Sequence comparison between the target genes, MGB_c24138 **(A)** and MGB_c41307 **(B)**, and their corresponding miRNAs, miR396d and miR395p-3p, respectively. The arrows indicate the cleavage sites, and the numbers show the frequency of clones sequenced.

Discussion {#Sec10}
==========

It has been well documented that miRNAs act as important regulatory factors that play pivotal role in a variety of biological processes, such as plant growth and development, morphogenesis, embryogenesis, stress tolerance, and metabolism \[[@CR13],[@CR18],[@CR23],[@CR29]\]. Within the last years, enormous progresses have been made to explore miRNAs in several fruit trees, such as citrus, grape, apple, and peach \[[@CR34]-[@CR42]\]. However, the information concerning miRNA identification in persimmon is still limited compared to those identified in other fruit trees. Therefore, identification and characterization of miRNAs in persimmon will provide valuable knowledge for us to understand relevant regulation machinery pertinent to a specific process, such as (de)astringency.

In this study, we applied a Solexa sequencing platform for in-depth characterization of miRNAs in 'Eshi No. 1', an oriental persimmon that can lose astringency naturally on trees. About 13 million raw reads were obtained from the two libraries. The percentage of 24-nt sRNAs was much higher than that of 21-nt sRNAs. This finding is consistent with the results on tomato \[[@CR43]\], but different from that of trifoliate orange \[[@CR35]\], suggesting that distribution of sRNAs with different length may vary among plants. However, this may also be ascribed to sequencing or samples used for studies. As 24-nt sRNAs have been reported to function in heterochromatin modification, especially for genomes with a high content of repetitive sequences, the current study suggests that the sRNAs might play diverse roles in various processes of persimmon \[[@CR44],[@CR45]\].

Based on the sequences available in the miRBase database and transcriptome data, 65 known miRNA families and 33 novel miRNAs have been identified from the libraries constructed using the persimmon fruits at two stages, when the soluble tannin underwent substantial reduction. Plant miRNA families have been classified into highly conserved, non-conserved and specific miRNAs \[[@CR46]\]. In this study, we detected several highly conserved miRNA families, such as miR156, miR159/miR319, miR160 and miR166, which exhibited relatively abundant TPM in the persimmon libraries. This corroborates the proposition that these miRNAs serve as core miRNA families that are possibly ancestors of miRNAs in all land plants \[[@CR45]\]. However, we also noticed that several other core miRNA members were not detected in this study, consistent with an earlier work with *Prunus* \[[@CR47]\]. Three miRNA families, including miR477, miR482, and miR3627, have been reported to be highly conserved among fruit trees \[[@CR48]\]; but we could only detect miR477 in persimmon. All of these findings seem to suggest that persimmon has not only conserved miRNAs as those previously reported, but also has its own set of miRNAs, which may be ascribed to the unique features of this plant in comparison with others.

In the current study, 61 out of the 236 known miRNAs were significantly differentially expressed in the fruits at the two examined stages, in which 17 were up-regulated at 20 WAF, and 44 were down-regulated. It is assumed that some, if not all, of the differentially expressed miRNAs might play key roles in regulating PA synthesis during persimmon fruit development. Interestingly, the differentially expressed miRNAs include several candidates, such as miR858 and miR156, that have been reported to regulate PA synthesis in other plants. MiR858 and miR156 have been reported to regulate biosynthesis of PAs in apple and *Arabidopsis thaliana*, respectively \[[@CR41],[@CR49]\]. In our study, miR858 was down-regulated at 20 WAF, exhibiting a pattern similar to the change in soluble tannin content, implying that it may positively regulate the target genes involved in biosynthesis of PAs in persimmon. By contrast, miR156 was dramatically up-regulated (fold change \>4) at 20 WAF, suggesting that it may act as a negative regulator of PA synthesis in persimmon. Meanwhile, miR395 might be another crucial miRNA for influencing PA synthesis as it is predicted to target genes associated with anthocyanin synthesis \[[@CR10]\]. In addition, we also noticed that several differentially expressed miRNAs, such as miR398, miR399, and miR535, displayed dramatic fold changes between the two stages. Whether these miRNAs play roles in regulating PA synthesis remained to be investigated.

Bioinformatics comparison of sequence homology between miRNAs and gene sequences, a traditional approach for unraveling target genes in plants \[[@CR50]\], demonstrated that 198 potential targets were successfully predicted for the miRNAs. Consistent with previous reports, a number of the targets in persimmon were also shown to encode transcription factors, including SPLs, ARFs, GRFs, bHLHs, and MYBs. Moreover, some target genes are shown to be involved in stress response, while others are implicated in a wide range of biological processes, implying a complexity of the miRNAs in the regulation of biological processes. We also noted that the novel miRNAs targeted different genes with a variety of functions, such as flower development (miRN21 and miR08), disease resistance (miRN28 and miRN33), and metabolism (miRN32) (Additional file [3](#MOESM3){ref-type="media"}: Table S2). All of these data suggest that the miRNAs are implicated in the regulation of genes associated with multiple processes during fruit development.

PAs are important secondary metabolites for determining the quality of persimmon fruits. PA biosynthesis shares the same upstream pathway as anthocyanins, both of which have been well characterized. Accumulating data suggest that regulation of the anthocyanin pathway largely depends on the interaction between R2R3 MYBs, bHLHs and WD40s \[[@CR9],[@CR51],[@CR52]\]. This interaction may also play a role in the orchestration of the subset of genes associated with PA biosynthesis. In this regulatory machinery, MYB proteins may play a predominant role in activating the structural genes. Various members of R2R3 MYB family may exhibit different and separate regulatory impacts on the biosynthesis of end products in the flavonoid pathway branches leading to anthocyanins, flavonols, and proanthocyanins \[[@CR53]\]. A number of earlier studies report that MYB genes might be regulated by various miRNAs \[[@CR41],[@CR54],[@CR55]\]. Interestingly, in the current study we also detected a MYB-targeting miRNA, dka-miR858b, whose expression dynamics followed the same trend as the change in soluble tannins during fruit development, implying that dka-miR858b might be positively correlated with PA biosynthesis. This finding suggests that dka-miR858b may control a MYB protein that plays a negative role in regulating PA synthesis. This speculation is plausible as a few MYBs acting as repressors have been reported in earlier studies, such as *FaMYB1* of strawberry and *VvMYB4* of grape, although most MYBs behave as positive regulators to govern the expression of structural genes \[[@CR56],[@CR57]\]. However, more work is needed to characterize the MYB gene regulated by dka-miR858b. Apart from MYB, we also found that a bHLH protein was predicted to be targeted by dka-miR395p-3p, which was experimentally verified using 5′-RLM-RACE. The expression pattern of dka-miR395p-3p was precisely opposite to that of the bHLH gene, providing another line of evidence supporting the reverse regulation. Moreover, expression profile of the bHLH gene was largely concordant with the fluctuation of tannin, except the last time point, suggesting that dka-miR395p-3p/bHLH regulation might be involved in the regulation of PA synthesis. SPL has been documented to act as one of the miR156 targets in earlier work \[[@CR49]\]. In our study, we discovered a differentially expression miRNA, dka-miR156j-5p, which was predicted to target SPL. Strikingly, dka-miR156j-5p was down-regulated to extremely low abundance with the ripening of fruits (15--25 WAF), implying that SPL might be abundantly expressed during the late stages of fruit development. SPL has been reported to destabilize the MYB-bHLH-WD40 complex, which in turn leads to repression of anthocyanin biosynthetic genes and inhibits anthocyanin accumulation \[[@CR58]\]. In this regard, it is assumed that the stability of MYB-bHLH-WD40 complex might be increasingly impaired with the extension of fruit development. This causes an adverse effect on the activation of the structural genes pertinent to the flavonoid pathway, leading to lowered PAs biosynthesis.

It has been documented that the metabolites derived from different enzymatic reactions form trans- or *cis*-flavan-3-ol units, such as 2, 3-trans-(+)-catechin and 2,3- *cis*-(−)-epicatechin \[[@CR2]\], which are the precursors of PAs. They are generally glucosylated by 3-*O*-glucosyltransferase, thus facilitating transportation to vacuole and polymerization \[[@CR11]\]. Therefore, the gene/enzyme responsible for glucosylation is critical for PAs biosynthesis. In the study, dka-miR396g was revealed to target flavonoid 3-*O*-glucosyltransferase gene. Transcript abundance of dka-miR396g was down-regulated in the fruits at 20 WAF in comparison with those of 15 WAF. This implies that expression of 3-*O*-glucosyltransferase gene might be enhanced when fruits ripened, which in turn leads to accelerated glucosylation and facilitates the transportation of precursors.

In this study, the soluble tannin was decreased with the ripening of persimmon fruits, whereas the insoluble counterpart was increased. Growing evidences demonstrate that PAs insolubility is a critical factor responsible for loss of astringency in persimmon fruits \[[@CR28]\]. Conversion from soluble into insoluble tannin, especially at the late stage of fruit development, requires the participation of acetaldehyde, which is formed *in situ* from ethanol with a catalytic reaction mediated by alcohol dehydrogenase (ADH) and pyruvate decarboxylase \[[@CR8],[@CR59]\]. Interestingly, an ADH-targeting miRNA, dka-miR2911a, was acquired in the sequencing data. Of note, expression pattern of dka-miR2911a was perfectly inverse to that of the ADH gene, which, however, exhibited a trend same as the change in the insoluble tannin. Therefore, we speculate that dka-miR2911a played an instrumental role in promoting insolubility of tannin by regulating ADH gene at the late stage of fruit development.

Conclusion {#Sec11}
==========

In this study, through high throughput sequencing we identified 236 known miRNAs belonging to 65 miRNA families, and 33 novel miRNAs in persimmon. Of the identified known miRNAs, 61 were shown to be differentially expressed during fruit development, 17 up-regulated and 44 down-regulated. Some of the differentially expressed miRNAs were predicted to target an array of genes that have been previously reported to be involved in synthesis, transportation and insolubility of PAs, all of which are limiting factors associated with PA accumulation. Based on our data and earlier studies, we propose a model on deastringency of CPCNA by integrating the identified miRNAs in the PAs biosynthesis pathway (Figure [8](#Fig8){ref-type="fig"}). Of the miRNAs, miR395p-3p and miR858b regulate bHLH and MYB, which work in synergy to regulate the structural genes responsible for PA biosynthesis. However, towards the fruit ripening, miR156j-5p/SPL regulates the stabilization of MYB-bHLH-WD40 complex, leading to decreased PAs production. However, transportation of the PAs to vacuole is expedited when PA precursors were glycosylated by flavonoid 3-*O*-glucosyltransferase, which is targeted by miR396g. Finally, soluble tannin was converted to insoluble part in the vacuole through acetaldehyde produced from ethanol oxidization mediated by ADH, which is under the control of miR2911a, in particular at the late stage of fruit development. The identification of these miRNAs paves way for elucidating the post-transcriptional regulation of (de)astringency in persimmon. In the future, extra work is required to functionally characterize the identified miRNAs and verification of their direct targets that are tightly involved in the regulation of PAs accumulation and deastringency of CPCNA.Figure 8**A hypothetical model of action indicating the involvement of identified miRNAs in PAs biosynthesis and deastringency of persimmon fruits.** The miRNAs in red are up-regulated at 20 weeks after flowering (WAF), whereas those in blue are down-regulated.

Methods {#Sec12}
=======

Plant materials {#Sec13}
---------------

'Eshi No. 1' (*D. kaki*) planted at the Persimmon Repository of Huazhong Agricultural University (30° 289′ N, 114° 219′ E) was use in this study. Fruits were harvested at 5, 10, 15, 20, and 25 weeks after flowering (WAF). Three different trees were used, and 10 representative fruits from each tree were collected. The fruits were peeled, and the pulp at the equatorial part was collected, immediately frozen in liquid nitrogen and maintained at −80°C until use.

Determination of PA using printing and folin-ciocalteu method {#Sec14}
-------------------------------------------------------------

Soluble tannins were detected by an imprinting method using FeCl~2~, which reacts with soluble tannin to form blue-black tannin-iron compounds \[[@CR60]\]. For this purpose, filter papers were immersed in 5% FeCl~2~ aqueous solution for 15--30 min, then dried at 50--60°C. Cross sections prepared from equatorial parts of the fruits were printed on the filter papers and kept still for about 5 min, followed by visual observation of the color change (Darker printing indicates presence of more tannin in the pulps).

In addition, quantitative determination of soluble tannin and insoluble tannin contents was performed using folin-ciocalteu method \[[@CR61]\]. About 5 g of frozen samples was ground into powder in liquid nitrogen and extracted with 15 ml of 80% methanol (80: 20, v/v). The homogenate was centrifuged for 10 min at 5000 × *g*; the supernatants containing soluble tannins were transferred to 50-ml measuring cylinders. The procedure was repeated twice. The supernatants were combined and adjusted to a final volume of 50 ml using distilled water, and used as working solutions. For measurement of soluble tannins, 1 ml of the working solution was mixed with 7.5 ml distilled H~2~O, and then 0.5 ml of 2 N folin-ciocalteu reagents (Sigma) was added. After a thorough vortex, the mixture was maintained still for 3 min at room temperature, to which 1 ml of saturated Na~2~CO~3~ was added. After incubation for 1 h at room temperature, the solution was measured on a spectrophotometer (UV-1800, Shimadzu, Japan) by reading absorbance at 725 nm. The residues were then used to extract insoluble tannins. They were suspended in 15 ml of 1% HCl-methanol (1:99, v/v) and placed at room temperature for 30 min, after which same manipulations were employed as those for measuring soluble tannin. Soluble and insoluble tannins were expressed as tannin acid equivalents per gram of fresh weight (FW).

Small RNA library construction and sequencing {#Sec15}
---------------------------------------------

Total RNA was extracted from the pulp using RNA plant Plus (Tiangen) according to the manufacturer's instructions. Purity and integrity of the RNA was checked using agarose gel electrophoresis and quantified by determining the absorbance at 260 nm. Three μg of the total RNA was used for preparation of small RNA libraries with Balancer NGS Library Preparation Kit for small/microRNA (GnomeGen). Briefly, the RNA was ligated to 3′ and 5′ adaptors sequentially, reverse transcribed to cDNA and amplified using PCR. The library was applied to a 10% native PAGE gel, and bands corresponding to miRNA insertion were cut and eluted. After ethanol precipitation and washing, the purified small RNA libraries were quantified with Qubit Fluorometer (Invitrogen) and used for cluster generation and 36 nt single-end sequencing analysis with Illumina GAIIx (Illumina, San Diego, CA, USA). The small RNA libraries sequencing was completed in ABLife company (Wuhan, China).

Bioinformatics analysis of the sequenced miRNAs {#Sec16}
-----------------------------------------------

After the sequencing was completed, raw sequences were pre-processed using the Fastx-toolkit pipeline, which included removing the low-quality tags and trimming adaptor sequences to generate high quality reads (or clean reads). The trimmed sequences were used for searching against Rfam (11.0) database using BLASTN program to exclude known non-coding RNAs, including rRNAs, tRNAs, small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). The remaining sequences were then searched against the miRBase v19.0 database \[[@CR62]\] to identify putative known miRNAs, which were then subjected to analysis of length distribution, nucleotide preference at each position and the first nucleotide preference.

Small RNAs that were not mapped to any pre-miRNAs in the miRBase or not classified into any categories in the Rfam (11.0) database were subsequently analyzed against the persimmon transcriptome data using miRDeep2 \[[@CR63],[@CR64]\] to check their potential as novel miRNAs. Sequences with perfect matches were then used to predict secondary structures by Mfold 3.2 \[[@CR65]\]. The main criteria used for selecting potential precursors include: production of hairpin structures containing mature miRNA sequences from one arm and miRNA^\*^ from the opposite one, maintenance of compatible minimum free energy and stability, and presence of two nucleotides at the 3′ overhangs in the miRNA/miRNA^\*^ duplex \[[@CR66]\].

Differential expression analysis of the miRNAs {#Sec17}
----------------------------------------------

To determine expression patterns of miRNAs between 15 and 20 WAF, the frequency of miRNA counts was normalized as transcripts per million (TPM). Normalization of miRNA expression levels between the two samples was carried out based on actual miRNA count/total count of clean reads × 10^6^. Fold change in the miRNAs between 15 and 20 WAF was then determined from the normalized data using the formula 'fold change = log~2~ (20 WAF /15 WAF)'.

Differential expression analysis was calculated using the software edgeR \[[@CR67]\]. Fold change and *P*-value were combined to determine the significance of final miRNA expression, and the expression difference was considered as significant if \|fold change\| \>1 and *P*-value \< 0.05. A positive value indicated up-regulation of a miRNA at 20 WAF in comparison with 15 WAF, while a negative value indicated down-regulation.

Target gene prediction and functional annotation {#Sec18}
------------------------------------------------

Target genes of the differentially expressed miRNAs were bioinformatically predicted based on degree of sequence homology between miRNAs and targets \[[@CR68]\]. In this study, target gene prediction was performed by analysis on psRNAtarget program \[[@CR69]\] and WMD3 (<http://wmd3.weigelworld.org/cgi-bin/webapp.cgi>) using the persimmon ESTs and transcriptome database (MGB.Unigene.seq \[[@CR10]\]) as described earlier. Gene Ontology (GO) enrichment was used to analyze function and biological processes of the target genes. GO terms significantly enriched in the target genes were compared to the reference gene background. Three major GO categories were analyzed, including cellular component, biological process, and molecular function \[[@CR70]\].

Analysis of miRNA expression by stem-loop qRT-PCR {#Sec19}
-------------------------------------------------

Stem-looped qRT-PCR was used to validate the differentially expressed miRNAs and to analyze time-course expression of four miRNAs at five developmental stages \[[@CR27],[@CR33]\]. Stem-loop primers (Additional file [5](#MOESM5){ref-type="media"}: Table S4) were designed according to Chen et al. \[[@CR71]\]. Total RNA was treated with gDNA Eraser (TaKaRa, Dalian, China) to remove genomic DNA according to the manufacturer's instructions. RNA was then reverse-transcribed into cDNA with specific stem-loop primers in a 20-μl reaction buffer composed of 4 μl of 5 × PrimeScript ® Buffer 2, 1 μl of PrimeScript® RT Enzyme Mix, 4 μl of RNase-free dH~2~O. The qRT-PCR was performed on a LightCycler® 480 Real-Time System (Roche, Switzerland). Each PCR reaction, in a total volume of 10 μl, contained 5 μl of 2 × QuantiFast SYBR Green PCR Master Mix (QIAGEN), 200 ng of cDNA, 0.35 μl of forward primer and universal reverse primer. Reactions were performed at 95°C for 5 min, and 95°C for 10 s, 61°C for 30s, 72°C for 10 s for 45 cycles, and a melting temperature cycle with constant fluorescence data acquisition from 65 to 95°C. Ubiquitin 6 was used as an internal control for miRNAs. Each sample was analyzed in four replicates, and the qRT-PCR data were analyzed with LightCycler® 480 software version 1.5 (Roche).

Analysis of target gene expression by quantitative RT-PCR {#Sec20}
---------------------------------------------------------

Expression of two target genes was assayed with qRT-PCR according to the protocols mentioned above except using non-stem loop primers for reverse transcription and gene-specific primers for qRT-PCR. The primers were designed using Primer 5.0 software based on the gene sequences. Actin was used as an internal control for normalizing the target gene expression, and the procedures were operated in the same manner as those of miRNAs.

5′-RNA ligase-mediated rapid amplification cDNA ends {#Sec21}
----------------------------------------------------

5′-RNA ligase-mediated RACE (RLM-RACE) was performed with the GeneRacer kit (Invitrogen) as described previously \[[@CR72]\]. First, 10 μg of total RNA was ligated to the 5′-RACE RNA Oligo adaptor. The ligated mRNA was reverse transcribed into cDNA using oligo (dT) primer. To obtain the 5-terminus products, PCR was performed using 5′ GeneRacer™ primer and gene-specific primers (Additional file [5](#MOESM5){ref-type="media"}: Table S4). The PCR products were cloned, sequenced and subjected to analysis of the cleavage site on target mRNAs by corresponding miRNAs.

Availability of supporting data {#Sec22}
===============================

The sRNA data reported in this work are deposited in the database of NCBI (National Center for Biotechnology Information), under the accession number of SRP050516. The information can be accessed via the link <http://www.ncbi.nlm.nih.gov/bioproject/PRJNA269202>. The information of small RNA libraries at the two stages can be accessed via the links <http://www.ncbi.nlm.nih.gov/sra/?term=SRX796050> (15 weeks after flowering, WAF) and <http://www.ncbi.nlm.nih.gov/sra/?term=SRX796055> (20 WAF), respectively.
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